The promoters of the Saccharomyces cereviswae histone H3 and H4 genes were examined for cis-acting DNA sequence elements regulating transcription and cell division cycle control. Deletion and linker disruption mutations identified two classes of regulatory elements: multiple cell cycle activation (CCA) The eukaryotic cell division cycle comprises a complex set of interrelated pathways (35). Cell cycle progression is controlled through the actions of both positive and negative regulatory functions resulting in the orderly growth and duplication of the cell with high fidelity (17). Although most cellular mRNAs and proteins are expressed throughout the course of the cell division cycle, a few genes are sensitive to cell cycle position and are only expressed during a specific limited period of the division cycle (for a review, see reference 2). These periodically expressed genes include the major S-phase histone genes (18, 32) , genes involved in DNA replication (10, 13, 24, 27) , DNA repair (21), mating type control in yeasts (1, 4, 29) , and cell cycle transcription control (3, 31) . Often the periodic expression of these genes is controlled at the level of transcriptional regulation; however, the signals controlling this expression are largely unknown. Understanding these temporal division cycle signals and the mechanisms by which they are transduced to an active gene promoter remain important and challenging problems for molecular genetics.
promoter, the NRS element was unable to confer cell division cycle control on the remaining basal level of transcription. When the NRS element was inserted into the promoter of a foreign reporter gene, transcription was constitutively repressed and did not acquire cell cycle regulation.
The eukaryotic cell division cycle comprises a complex set of interrelated pathways (35) . Cell cycle progression is controlled through the actions of both positive and negative regulatory functions resulting in the orderly growth and duplication of the cell with high fidelity (17) . Although most cellular mRNAs and proteins are expressed throughout the course of the cell division cycle, a few genes are sensitive to cell cycle position and are only expressed during a specific limited period of the division cycle (for a review, see reference 2). These periodically expressed genes include the major S-phase histone genes (18, 32) , genes involved in DNA replication (10, 13, 24, 27) , DNA repair (21) , mating type control in yeasts (1, 4, 29) , and cell cycle transcription control (3, 31) . Often the periodic expression of these genes is controlled at the level of transcriptional regulation; however, the signals controlling this expression are largely unknown. Understanding these temporal division cycle signals and the mechanisms by which they are transduced to an active gene promoter remain important and challenging problems for molecular genetics.
Several cis-regulatory sequences mediating cell cycle control have been identified. In the yeast Saccharomyces cerevisiae, a conserved hexamer sequence, 5'-ACGCGT-3', is found in the promoter regions of many genes required for DNA synthesis. Deletions, disruptions, and point mutations within these elements in the TMPI, CDC9, and POLl genes abolished the transcriptional activation and periodicity of the promoter. Furthermore, when cloned in front of a reporter gene, copies of this element were able to promote transcription of the reporter gene with a cell cycle periodicity that was coincident with the expression of the native regulated gene * Corresponding author. (13, 24, 27) . The POLI gene also contains an upstream negative regulatory site (NRS) capable of repressing maximal expression from the activation site (13) . A second regulatory sequence element, 5'-CACGAAAA-3', is repeated 10 times within the 1,400-bp promoter region of the cell cycle-regulated yeast HO gene (30) . When cloned in front of a heterologous reporter gene, this element is sufficient to periodically activate transcription coincident with expression of the HO gene (4) . In higher eukaryotes histone subtype-specific regulatory sequences have been identified and implicated in the periodic expression of the replicationdependent histone genes. Factors have been isolated that bind to the H2B, H4, and Hi subtype-specific elements (7, 11, 22) , and Hi and H2B subtype-specific factors have been shown to be responsible for cell cycle control (8, 22) . By analogy it is predicted that periodic expression of other histone subtypes will be regulated by their subtype-specific elements (18) .
As in other eukaryotic cells, histone gene expression in actively growing yeast cells is subject to cell cycle regulation. Both the accumulation of histone mRNA and the synthesis of histone protein are tightly controlled with respect to the cell division cycle and are restricted to the late G1-and S-phase periods of the division cycle (6, 19, 20, 23, 25) . Osley et al. (33) identified two classes of cis-acting DNA regulatory elements within the promoter region of one of the two yeast histone H2A-H2B gene pairs (TRT1). The first class was a single negative cell cycle regulatory (CCR) region of approximately 70 bp. Deletion of the negative CCR region resulted in constitutive derepression of both the H2A and H2B genes and loss of cell cycle periodicity in synchronous cultures. The CCR was also able to confer periodicity on a reporter gene construct with the CYCI promoter. Thus, the CCR was both necessary and sufficient for periodic cell cycle transcription. The second class of regulatory element was a 16-bp upstream activation sequence (UAS) repeated three times within the promoter. The UAS elements had a 5456 FREEMAN ET AL.
positive and additive effect on H2A and H2B gene transcription. These UAS elements were unable to promote cell cycle control of H2A transcription in the absence of CCR function. Thus, cell cycle regulation of the TRT1 promoter is predominantly through the negative control of the CCR. However, multiple copies of a synthetic UAS consensus sequence were able to confer periodic activation on a heterologous gene (33, 34) .
In the experiments reported here we have sought to identify the cis-acting regulatory sites responsible for periodic cell cycle transcription of the yeast histone H3 and H4 genes. These experiments were designed to define the minimal DNA sequences necessary for gene activation and cell cycle control of transcription, to identify specific regulatory sites within this minimal promoter, and to determine the role of each element in the regulation of histone H3 transcription. The results of these experiments suggest that transcription of the yeast H3 and H4 histone genes is regulated through an NRS and multiple interacting cell cycle activation (CCA) sites.
MATERIALS AND METHODS
Strains and media. The two yeast strains used in these studies were DBY747 (MA4Ta ura3-52 leu2-3,112 trpl-289 his3) (provided by D. Botstein) and YM147 (MA4Ta gallAI52 ura3-52 trpl-289) (provided by M. Johnston). When assaying for expression from the CYC1 UAS elements, cells were grown in 2% raffinose. In all other cases growth was in 2% glucose. MV medium has been described previously (20) .
Construction of reporter fusion. An 810-bp AluI fragment spanning the 5' coding and intergenic sequences of the HHT1 and HHFI genes was cloned into a lacZ fusion plasmid, pMC1403 (5), which had been cut with XmaI and had its overhang filled in by using DNA polymerase I. This should have resulted in a fusion of the first 21 amino acids of H3 in frame with the eighth amino acid of lacZ. However, the fusion junction was missing one base from the filled XmaI site. To correct the reading frame, the construct was digested with BamHlI, and the sticky ends were repaired with DNA polymerase I and religated. This resulted in the insertion of an additional 4 bp of linker sequence between the two gene fragments and restored the reading frame.
To facilitate manipulation of mutated promoter constructs, the SmaI site 157 bases upstream of the H3 initiation codon was converted to a HindIII site by the insertion of a synthetic linker (Fig. 1A and B) . The HindIII-SalI fragment containing the HHTI::lacZ fusion was moved into a singlecopy YIp5-derived vector containing CEN3 and the H4 autonomously replicating sequence to yield plasmid pLK3-dl. This construct formed the backbone of the specialized shuttle vector and contained the presumptive HHTJ TATA sequences and the known transcription initiation sites (6) .
Intergenic sequences from the SmaI site at -157 to the RsaI site at -589 (Fig. 1A) were cloned into the SmaI site of pUC8 in which the Sall site had been destroyed. The intergene sequences could then be subcloned as an EcoRIHindIII fragment into the pLK3-dl shuttle vector to recreate an intact H3 promoter (Fig. 1B) . Deletion acrylamide and subcloned into M13mpl8. Endpoints were determined by dideoxynucleotide sequencing (37) . Deletions of interest were subcloned into the reporter fusion plasmid pLK3-dl between the HindlIl and EcoRI restriction sites. Deletions in the 5'-to-3' direction were constructed in a similar manner except that the intergene clone was first cut with EcoRI. After resection, XbaI linkers were ligated to the blunt ends and the resulting HindIII-XbaI fragments were cloned into mpl9 for analysis. Linker substitution mutations were constructed by joining HindIII-XbaI 5'-to-3' deletions with appropriate XbaIEcoRI 3'-to-5' deletions. These ligations resulted in the (16) . To test the function of the histone H3-H4 UAS elements, the fragments were adapted with synthetic XhoI linkers and inserted into the unique XhoI site of YCpR2AX. Plasmid pKT45 contained the copy I CCA1 sequence (nucleotides 947 to 995 in GenBank accession number X00724), plasmid pKT44 contained the copy I CCA1+CCA2 fragment (nucleotides 886 to 995 in X00724), and plasmid pKT18 contained the copy II CCA1+CCA2 fragment (nucleotides 1035 to 1153 in X00725). To test the function of the HHTJ NRS, the DNA from -157 to -241 was adapted with XhoI linkers and cloned into the XhoI site downstream of the CYCI UAS elements in YCpR2 (16, 36) , placing the NRS between the CYC1 UAS elements and the start of transcription. This fusion gene construct was then transferred as a BamHI-KI>nI fragment from the YCpR2 derivative into vector pRS316 (38) , creating plasmid pKT103.
Sequence comparison. The DNA sequences of the histone promoters were compared by using the SEQH program of Goad and Kanehisa (12) . Within the intergene regions of the two promoters the probability of the sequence similarity shared by the copy I and copy II CCA1 elements occurring by chance is less than 8 x 10-8.
Cell synchrony. Synchronous cultures were obtained either by induction with a-factor or by selection with centrifugal elutriation. For induced synchrony, cells were arrested in G1 by treatment with a-factor as previously described (19) . The a-factor was then removed, and cells were resuspended in fresh MV medium at 3 x 106 cells per ml. Fractions of 1 x 108 to 2 x 108 cells were removed at 15-min intervals following release. For selected synchrony, cell cycle separation was performed by centrifugal elutriation as previously described (14) . Small unbudded cells in early G1 were collected by elutriation and then resuspended in fresh medium at 28°C to establish a synchronously growing culture. Fractions of 0.5 x 108 to 1.0 x 108 cells were removed for analysis as the cells progressed through the cell cycle. Fractions were analyzed for bud morphology, cell volume, and DNA content to monitor their synchrony. DNA content was measured by flow cytometry of propidium iodidestained cells (41) .
Analysis of promoter mutations. Levels of 3-galactosidase were assayed by the method of Guarente (15) and normalized to the number of cells in the reaction and the duration of the reaction. The numbers reported are the averages of triplicate assays which had an average variability of about +9.5%. In separate experiments the ,B-galactosidase activities for a single mutant could vary as much as twofold; however, the relative activities between different mutants were consistent. For RNA analysis, total RNA was extracted from either log-phase or synchronous cells, and mRNA levels were determined either by Northern (RNA) blot hybridizations or primer extension analysis. Northern blot assays were hybridized with DNA fragments specific for the histone H3 or H4 genes, the Escherchia coli galK gene, the CYCI gene, and the ACTI gene.
For quantitative primer extension assays, single-strand primers were labeled with [.y-32PJATP by using T4 polynucleotide kinase and then hybridized to single-stranded M13 DNA templates containing subclones of HHT1, URA3, or lacZ fragments. Following polymerase extension with cold deoxynucleoside triphosphates, the resulting doublestranded product was digested with appropriate restriction endonucleases. The released radiolabeled single strand probes were isolated from 8 M urea-6% polyacrylamide gels. These single-stranded probes were then hybridized to 5 ,g of total RNA in 60% formamide, 0.4 M NaCl, 40 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH 6.6), and 1 mM EDTA at 80°C for 20 min and then overnight at 42°C. After hybridization, the samples were precipitated and resuspended in 50 mM Tris (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM dithiothreitol, and 400 mM deoxynucleoside triphosphates. Primer extension reactions were carried out with 200 U of murine leukemia virus (MLV) reverse transcriptase (Bethesda Research Laboratories) at 42°C for 90 min. Reaction products were separated on denaturing 8 M urea-6% polyacrylamide gels and visualized by autoradiography. Quantification was performed by using a BioImage Visage 2000 high-resolution video densitometer. Nucleotide sequence accession numbers. All of the DNA sequences used in this report have been published previously (42) and are contained in the GenBank data base. The DNA sequence of the copy I histone H3-H4 locus is filed under accession number X00724 and the copy II DNA sequence is filed under accession number X00725. RESULTS H3 promoter activity. The genome of haploid S. cerevisiae contains two copies of each of the core histone genes arranged as nonallelic sets of gene pairs: two H2A-H2B gene pairs (TRT1 and TRT2) and two H3-H4 gene pairs (copy I and copy II). The genes in each pair are divergently transcribed from a common promoter region (39) . The copy I H3 gene is designated HHT1, and the copy I H4 gene is designated HHFJ (Fig. 1A) ; the copy II genes are similarly designated HH7I2 and HHF2 (Fig. 1C) . We have focused on expression of the HHTI gene and the role of DNA sequence elements within its promoter in transcriptional control.
To study the transcriptional regulation of the H3 gene in the absence of posttranscriptional controls involving 3' mRNA sequences (26, 44) , the H3-H4 promoter region was placed in front of a foreign reporter gene. This reporter construct was made by fusing nucleotides -589 to +63 of the histone H3 gene to the coding region of the E. coli lacZ gene (Fig. 1B) . The histone gene sequences in the fusion included the H3-H4 promoter region and the DNA encoding the first 21 amino acids of the histone H3 protein.
The expression of the HHTl::lacZ fusion construct was first analyzed to ensure that transcription initiated correctly and that cell cycle regulation was maintained in the absence of the HHTJ 3' sequences. From the size of the primer extension product produced we calculate that transcription of the HHT1::lacZ fusion gene initiated about 30 bp upstream of the ATG translational initiation codon, in agreement with previous results for the wild-type HHTJ gene (data not shown) (6) . Expression of the fusion gene was analyzed in cell cycle fractions selected by centrifugal elutriation and in synchronous cultures induced by a-factor block and release. In both kinds of experiments the cell cycle pattern of expression of the experimental HHTI ::lacZ fusion mRNA was identical to that of the native H3 mRNA (data not shown). From these results we conclude that the 5' sequences included in the fusion construct are sufficient to confer proper initiation and cell cycle-specific transcription.
Identification of cis-acting regulatory sites. Table 1 . Promoter A6 contains the complete copy I H3-H4 promoter region through the RsaI (EcoRI) site at -589 (see regulatory sequences within the promoter of the HHT1::lacZ fusion gene were localized by restriction fragment deletions, with 0-galactosidase activity as a measure of expression (Fig. 2) . A plasmid containing the complete H3-H4 intergene sequence (A6) gave strong expression of the HHTI::lacZ fusion gene, producing approximately 7 U of p-galactosidase activity. A deletion derivative (Al) that lacked the promoter sequences upstream of the SmaI site at -157 produced very low levels of activity, approximately 0.2 U. Since the presumptive TATA element and the known transcription start sites (6) are retained in the Al derivative, additional sequences must be required to activate transcription. A deletion (A8) that carried the far upstream sequences from the HinPI site at -379 to the RsaI site at -589 failed to activate transcription; however, a derivative (A7) that contained sequences from the SmaI site at -157 to the HinPI site provided strong transcriptional activation. These results show that the promoter sequences between nucleotides -157 and -349 contain the major regulatory sequences required for HHTI gene activation.
A series of internal deletions through the promoter region were constructed to analyze the major control region (Table  1) . These deletions and their levels of expression are illustrated in Fig. 2 (A36-A12) . A complex pattern of expression was observed when these deletions were analyzed for n-galactosidase activity. The deletions in A33 and A26 removed 48 and 81 bp beyond the SmaI site, respectively, and both resulted in increased levels of ,B-galactosidase activity. Further deletion of the intergenic sequences (A24 and A42) resulted in a decrease of 3-galactosidase activity, returning to a level of expression comparable to that of the wild-type promoter. Finally, removal of the sequences between nucleotides -332 and -357, from All to A13, reduced 3-galactosidase activity to background levels. These results suggested that the H3 promoter region contained both positive and negative control sequences: an NRS spanning the region defined by A33 and A26 and a UAS defined by the All and A13 constructs. In addition, the decrease in activity seen in going from A26 to A42 suggested the presence of additional positive elements within this region.
Promoter sequence comparisons. The promoter sequences of the nonallelic copy I and copy II H3-H4 loci are highly divergent, suggesting that the duplication of the H3-H4 gene pairs occurred early during the evolution of S. cerevisiae (40) . We compared the two H3-H4 promoter regions for the presence of putative regulatory sites, guided by the results of the deletion analyses indicating the positions of NRS and UAS elements. Starting with the region between the All and A13 endpoints, computer analysis revealed a 21-bp region of homology with high statistical significance shared between the copy I and the copy II intergenic regions. Further analysis revealed that these sites belonged to a set of 19-bp homologies repeated within both intergenic regions (three times in the copy I intergene region and twice within the copy II intergene region). The locations of the sites in the copy I promoter corresponded to the A26 to A42 and All to A13 activation regions. The sequences of these sites (Fig. 3) are very similar to those of the UAS elements previously identified in the TRT1 H2A-H2B locus (33) and predicted to be in the H3-H4 promoters on the basis of computer sequence analysis (32, 33 Fig. 4 . The levels of 3-galactosidase were assayed as before, and in addition, for selected mutants the relative levels of the fusion mRNAs were assayed by quantitative Northern blot analysis. The results of the two different assays were in agreement.
The linker sequences themselves had no significant effect on the promoter activity since the substitutions in LD2 and LD3 (Fig. 4) regulatory element. Thus, transcription of the histone H3 gene is controlled by both positive and negative cis-acting regulatory sites. The histone UAS elements can activate a foreign gene. The results of the deletion and LD experiments showed that the UAS elements are necessary for activation of histone H3 expression. To determine whether they are sufficient to activate transcription, we subcloned isolated UAS fragments in front of a CYCJ::galK fusion construct (36) . A 49-bp subclone of the copy I intergene region containing one of the H3 UAS elements was cloned into the CYCI promoter replacing the normal CYCI UAS (16) to produce plasmid pKT45. This single UAS element activated transcription of the fusion gene and permitted gall yeast cells to grow on galactose medium (36) . However, the level of mRNA with this UAS was less than that produced by the normal CYCI promoter ( Table 2 ). We next investigated the effect of the copy I UAS pair on expression. A 110-bp fragment containing the two UAS elements was placed in front of the (Table 2) . These results suggested that the inverted repeat UAS elements functioned significantly better than the single UAS. However, the double UAS fragment also contained an additional 47 bp between the two sites, and the high level of transcription could have resulted from the presence of this sequence. Two experiments suggest that the strong activation of the double UAS derivative is the result of the multiple elements and not the DNA sequence between the sites. First, the linker in LD2 (Fig. 4) did not affect transcription of the HHTI ::lacZ fusion gene. This disruption replaced 16 bp of DNA centrally located between the two UAS consensus elements. Second, a 119-bp fragment containing the inverted-repeat UAS elements from the copy II H3-H4 promoter also activated CYClJ::galK transcription to high levels (plasmid pKT18 [ Table 2 ]). Therefore, it is likely that the strong activation observed in these constructs is conferred by the inverted repeat UAS elements and not by the unrelated intervening sequence.
The UAS elements are CCA sites. The role of the UAS elements in cell cycle control was investigated by analyzing the activity of promoter mutations in synchronized cultures. Synchronous cultures were established by two independent procedures. In the first case, small unbudded, early-G1 cells were selected by centrifugal elutriation and resuspended in fresh medium to produce a synchronously dividing culture. In the second case, synchronous cultures were induced by blocking cell cycle progression in late G1 with the mating pheromone a-factor and then washing out the pheromone. The DNA histograms for synchronous cultures, either selected by elutriation or induced with a-factor, are shown in Fig. 5 .
To assay cell cycle control of transcription, samples were removed from synchronous cultures at timed intervals, and RNA from each fraction was subjected to primer extension analysis. Three UAS mutants were analyzed: the two disruptions of the single UAS elements in LD1 and LD21 and the double UAS disruption in LD33. Although either single UAS disruption decreased the overall levels of HHTJ::lacZ fusion transcripts, the LD1 and LD21 promoters both retained some cell cycle control of transcription (data not shown). However, the LD33 promoter lacking both UAS elements was unable to exert cell cycle control over transcription of the fusion mRNA (Fig. 6) . These results show that both UAS elements contribute to transcriptional activation and cell division cycle control of HHT1 expression.
Although the H2A-H2B UAS elements are unable to provide cell cycle control to the TRT1 promoter in the absence of a functional CCR-negative site, multiple copies of a synthetic consensus oligonucleotide are able to confer cell cycle control on a heterologous lacZ fusion gene (33) . To determine whether the H3-H4 UAS elements were sufficient for cell cycle control, we examined their effect on the promoter activity of the CYCIJ::galK fusion gene. Synchronous cell cultures were established by selecting early-G1 cells by using centrifugal elutriation as before. Cell cycle fractions were collected from the cultures at timed intervals, and RNA was extracted for analysis. The levels of mRNA were quantified by Northern blot hybridization with probes for the E. coli galK portion of the fusion mRNA.
The transcriptional activity of the promoter with the single histone UAS element is shown as a function of the division cycle in Fig. 7A . Although the single element was a weak transcriptional activator (Table 2) , it displayed cell cycle control. Transcription was induced with the same cell cycle timing as the internal histone H4 control, although the amplitude of the induction was less than that for the histone H4 control. The transcriptional activity of the promoter containing the two copy I UAS elements is shown in Fig. 7B . This promoter was able to exert strong cell cycle regulation over the transcription of the CYCJ::galK fusion gene, with an amplitude that was indistinguishable from that of the histone H4 control. Identical results were obtained with the copy II double UAS promoter derivative (data not shown). Thus, the UAS elements from either histone H3-H4 promoter region were sufficient to activate transcription in a cell cycle-specific manner. Since these elements are required for histone H3 cell cycle control and are sufficient to confer periodic activation of a foreign gene, we have designated the two elements in each promoter CCA sites, for cell cycle activation.
Function of the NRS. In the experiments described above, cell division cycle control was abolished when both the CCA1 and CCA2 sites were deleted from the H3 promoter (Fig. 6) . Thus, the NRS element was unable to exert cell cycle control over the remaining basal level of transcription in the absence of the CCA elements. To determine whether the NRS was necessary for H3 cell cycle control, the promoter activity of NRS disruption mutants was examined. First, we tested the role of the 5'-ACGCTAAA-3' element, the short homology sequence shared by the copy I, copy II, and TRT1 loci (32) . This sequence is deleted in the A33 promoter, and the results of cell cycle assays for this construct are shown in Fig. 8 . While the A33 mutant has an elevated level of expression (Fig. 2) , this promoter provides normal cell cycle control. However, most of the NRS function is not lost until sequences between A33 and A26 are deleted (Fig. 2) . Furthermore, since the 5'-ACGCIAAA-3' sequence remains intact in the LD5 mutant, the element cannot be sufficient for negative regulation in the HHTI gene. Finally, although this sequence is apparently located within the CCR region of the TRT1 promoter, it is not contained within the sequence of dyad symmetry previously shown to provide CCR function (33) .
Next we examined cell cycle regulation in a complete disruption of negative function. The LD5 promoter mutant results in a level of fusion gene expression that is as great as that of a complete deletion of the negative element (Fig. 2) . The results of primer extension assays with RNA from cells with the LD5 disruption are shown in Fig. 9 . The LD5 promoter gave high levels of mRNA, as expected; however, no significant change in the periodicity of expression was seen in cells synchronized either by centrifugal elutriation or by a-factor arrest. Thus, the major effect of removing the NRS element was to increase the relative levels of HHTJ::lacZ fusion gene transcripts throughout the division cycle. The 
DISCUSSION
The results of these experiments support several conclusions: (i) transcription of the copy I histone H3 gene is controlled by both positive and negative cis-acting regulatory sites, (ii) the positive CCA sites are both necessary and sufficient to activate periodic cell cycle transcription, (iii) the NRS cannot confer cell cycle regulation on its own in the absence of the CCA sites, (iv) disruption of the NRS causes increased transcription but does not alter cell cycle periodicity, and (v) the NRS represses transcription of a foreign reporter gene fusion but does not confer cell cycle regulation.
The TRT1 H2A-H2B and copy I H3-H4 promoters both contain positive and negative regulatory elements; however, In contrast, the CCA sites in the HHTI promoter are both necessary and sufficient for periodic activation. Simultaneous deletion of both CCA1 and CCA2 abolishes cell cycle regulation of the H3 promoter. Conversely, in the absence of NRS function the promoter still retains cell cycle control. There are several possible explanations for the functional differences between the H2A-H2B and the H3-H4 positive regulatory sites. For example, the TRT1 promoter may contain additional unidentified regulatory functions that suppress the cell cycle periodicity of the UAS elements (see reference 33 for discussion). Alternatively, the H2A-H2B UAS and the H3-H4 CCA elements may bind different members of a related family of transcription factors that are able to discriminate between similar DNA binding sites.
Although similar in size, the functions of the negative regulatory elements in the H2A-H2B and the H3-H4 promoters are also different. The TRT1 CCR is essential for cell cycle transcription of the H2A and H2B genes. In addition, when the negative CCR site is inserted into the CYCl promoter, it is sufficient to produce periodic transcription of a CYCI::lacZ fusion gene (33) . In contrast, disruption of the H3 NRS function, either by deletion or by linker substitution, has no effect on the periodicity of HHT1 transcription within the cell cycle. Furthermore, when the NRS is inserted into the CYCI promoter, it represses transcription of the CYCJ::lacZ fusion gene but does not establish cell cycle periodic control. The TRT1 CCR site has also been shown to be important for the dosage compensation response of the promoter to H2A-H2B gene copy number (28) . The copy I H3-H4 promoter does not show dosage compensation at the level of promoter strength in response to deletions of the copy II H3-H4 genes (6) . Therefore, we currently favor the hypothesis that the histone H3 NRS element is involved in controlling the basal level of expression of the copy I genes, perhaps functioning in quiescent cells to prevent expression (9, 22) , or controlling the level of histone expression necessary for chromatin maintenance, a role played by specialized histone subtype genes in higher eukaryotes (43) . prepared from cells harvested at the times shown, and the levels of mRNA were determined by Northern blot analysis for the histone H3 genes, the CYCl::galK fusion gene, and the ACTI gene.
